The cell membrane is a heterogeneously organized composite with lipid-protein 18 micro-domains. The contractile actin cortex may govern the lateral organization of 19 these domains in the cell membrane, yet the underlying mechanisms are not known. 20
Introduction

39
The spatiotemporal organization of lipids, proteins and other molecules at and within 40 the cell membrane is pivotal for many fundamental cellular processes, such as signal 41 transduction from the extracellular to the intracellular space (Groves & Kuriyan, 42 2010) . Recent findings over the last years suggest that the cell membrane should be 43 considered as a heterogeneous lipid protein layer with coexisting small micro domains 44 and clusters of lipids and proteins that are assumed to dynamically form and 45 reorganize in response to external and internal cues (Engelman, 2005; Simons & Gerl, 46 2010 ). Whether and how their spatiotemporal organization is actively regulated and 47 maintained by the cell remains to be revealed. In vivo and in vitro studies suggest an 48 important role of the eukaryotic actin cytoskeleton that directly interacts with the cell 49 membrane via membrane-associated proteins Murase et al, 50 2004; Sheetz et al, 1980) . Actin structures were found to mediate the lateral 51 organization of membrane proteins (Gudheti et al, 2013) and to modulate their 52 diffusive behavior Honigmann et al, 2014; Murase et al, 53 2004 ). Theoretical considerations have proposed a key role of the actin motor myosin 54 for organizing and forming distinct protein and lipid micro-domains in cell 55 membranes (Gowrishankar et al, 2012) . However, direct experimental evidence for a 56 control of micro-domains by actomyosin is still lacking. 57
In eukaryotic cells, the actin cortex is constantly rearranged by the motor protein 58 myosin II and dozens of actin binding proteins. Therefore, reducing the complexity of 59 experimental conditions, e.g. reducing dimensionality or exploiting a minimal 60 biomimetic system, and utilizing microscopic techniques with a high temporal 61 resolution is beneficial for studying these processes. Phase-separated lipid bilayers 62 with controlled lipid compositions are well-established test beds to mimic lipid micro-63 domains in cell membranes and biological processes, e.g. the lateral organization of 64 proteins that are otherwise difficult to observe in vivo. Ternary mixtures of lipids 65 below their characteristic melting temperature (Tm) can phase separate into liquid 66 disordered (L d ) and liquid ordered (L o ) domains. Liu and Fletcher used phase-67 separated giant unilamellar vesicles (GUVs) as a model system to study the influence 68 of branched actin networks on the miscibility transition temperature (Liu & Fletcher, 69 2006) . They reported that the formation of localized actin networks on PIP 2 -70 containing phase-separated GUVs could act as switch for the orientation of lipid 71 domain growth sites. 72 However, the effects of an actin meshwork on individual lipid domains are technically 73 difficult to study, due to the 3-dimensional architecture of the GUVs. We therefore 74 made use of a minimal biomimetic system of planar geometry that we recently 75 developed (Vogel et al, 2013a; Vogel et al, 2013b) and combined the minimal actin 76 cortex (MAC) with supported phase-separated membranes and lipid monolayers. We 77 then visualized and studied the effects of actin filament adhesion and myosin driven 78 rearrangements on the lateral organization of membrane domains with total internal 79 reflection microscopy (TIRFM) and confocal spinning disk microscopy. 80
81
Results
82
Actin filament partitioning on phase-separated membranes 83
The effects of adhesion and myosin induced contraction of an actin meshwork on the 84 lateral organization of lipid domains was studied by combining phase-separated lipid 85 membranes with our established assay featuring contractile MACs (Vogel, 2016; 86 Vogel et al, 2013a; Vogel et al, 2013b) ( Fig. 1A) . For the preparation of phase-87 separated lipid bilayers, a ternary lipid mixture with DOPC, DPPC and Cholesterol in 88 a 1:2:1 molar ratio was used. Similar lipid compositions were described to form L o 89 and L d phases in free-standing membranes up to 30 °C (Veatch & Keller, 2003; 90 Veatch & Keller, 2005) . The low miscibility transition temperature of the mixture 91 avoids thermal degradation of proteins and allowed us to study the phase transition 92 behavior in the presence of actin filaments. The fluorescent probe DiD (0.03 mol%) 93 was used to label the L d phases (Garcia-Saez et al, 2007). The density of biotinylated 94 actin filaments was controlled by the concentration of biotinylated lipid DSPE-95 PEG(2000)-Biotin (see also (Vogel, 2016; Vogel et al, 2013b) ). As observed with 96 TIRF microscopy, the membrane separated into micrometer-sized L o and L d domains 97 To validate the partitioning preference of all molecular components, the fluorescence 104 signals of labeled neutravidin and actin filaments were acquired after domain 105 formation when cooled below Tm ( Fig. 1B-E ). We found that both neutravidin and 106 actin filaments partitioned into L o phases ( Fig. 1B and C) . We therefore concluded 107 that the biotinylated lipid DSPE partitioned into L o phases, and that the concentration 108 of Biotin-DSPE controlled the amount of bound actin filaments to the membrane in an 109 easy and reliable manner (see also (Vogel, 2016; Vogel et al, 2013b) ). 110 111
Actin filament crowding effects in phase-separated minimal actin cortices 112
We prepared low (0.01 mol % DSPE-PEG2000-Biotin) and medium (0.1 mol % 113 DSPE-PEG2000-Biotin, Fig. 2B ) dense MACs to investigate the effect of actin 114 filament density on phase-separated membranes. To this end, the ternary lipid mixture 115 was incubated with non-labeled neutravidin and placed on a temperature-controlled 116 microscope objective. A fluorescence image was acquired as a reference before actin 117 filaments were added ( Fig. 2A and B, left column). A homogeneous membrane was 118 produced by heating the microscope objective to 42 °C (above Tm). Actin filaments 119 were added to the membrane above Tm ( Fig. 2A and B, middle column) and the 120 sample was subsequently incubated for ~45 min at 42 °C ( Fig. 2A ). The membrane 121 was completely covered by actin filaments after approximately 30 minutes ( Fig. 2A  122 and B, middle column). Finally, the membrane was slowly cooled down to 30 °C 123 without active cooling and the fluorescence signal recorded after complete phase 124 separation ( Fig. 2A We conclude that actin filaments act as nucleation sites for domain formation and 130 drive their lateral spatial distribution. 131
To investigate the relation between line tension and the binding of actin filaments, we 132 exposed the membrane to different temperatures below Tm and added actin filaments 133 to high density MACs containing a lipid mixture with 1.0 mol% biotinylated DSPE 134 ( Fig. 2D -F ). We expected a constant binding of actin filaments at moderate 135 temperature changes, due to the strong binding affinity of neutravidin and biotin. 136
Indeed, we found that the integrated fluorescence intensity of labeled actin filaments 137 was independent of the base temperature ( Fig. 2F ). Hence, the adhesion process of 138 actin filaments to the membrane and hence crowding is apparently constant over the 139 In order to mimic free-standing membranes without support-induced friction of the 170 SLBs but keeping the technical advantages of a planar geometry, we made use of a 171 recently developed lipid monolayer system (Chwastek & Schwille, 2013) with an air-172 liquid interface ( Fig. 3F ). Actin filaments were coupled to ternary phase-separated 173 lipid monolayers similar to the situation in the supported lipid bilayer system via 174 biotinylated lipids and the use of neutravidin. Contrary to the situation in the SLB 175 system, actin filaments preferentially bind to the liquid extended (disordered) (L e ) 176 phase where also the neutravidin anchor protein mainly partitioned to ( Fig. 3F ), likely 177 due to the different lipid mixture we used here (see Material and Methods). In low and 178 medium dense monolayer MACs the liquid condensed (ordered) L c domains acquire 179 circular shapes and the actin filaments close to the phase boundaries align to their 180 circular shape (Fig. 3F ). In the case of low and medium densities we expect that the 181 line tension energy dominates over the actin filament wetting energy at the phase 182 boundary and hence the L c can assume an unrestricted shape with aligned actin 183 filaments. Similar effects have been observed using bacterial cytoskeleton proteins 184 (Arumugam et al, 2015) . Having this system in hands we were now able to confirm 185 that it is indeed active forces exerted by myosin motors on actin filaments that deform 186 the L c domains in the monolayer system. The addition of myosin filaments in the 187 presence of ATP led to the contraction of the actin layers and to shape deformations 188 and spatial rearrangements of the L c domains by the contracting actin filaments 189 (Video 5). The shape changes included fusion and stretching of the L c domains 190 (Video 5). Note that these "active" deformation forces were only exerted in the 191 presence of myosin filaments and ATP. Interestingly, the obtained lipid domain 192 shapes seem to be stabilized after the active contraction period, probably by the 193 remaining actin filaments. Using the monolayer system also tells us that the frictional 194 force caused by a solid support in SLBs does not play a significant role in the 195 observed phenomena. therefore tempting to speculate that cortical actomyosin contractility may be a generic 208 model for eukaryotic organisms not only to control their mechanical stability and 209 shape but also to quickly and actively control the lateral lipid and protein organization 210 at the cell membrane. 211
In our MACs that were combined with ternary lipid mixtures we found that binding of 212 actin filaments to a homogeneous bilayer at temperatures above Tm induced spatial 213 alignment of L o domains to actin bound locations upon cooling below Tm (Fig. 2) . 214
Eventually, actin filaments serve here as nucleation sites for domain formation and 215 drive their lateral spatial distribution. We further give direct evidence that the propagation would be independent of phase boundaries. As a second independent 230 consideration, the biotinylated lipid would need to overcome the transition barrier 231 between phases while being dragged over a boundary (Fig. 3G ). Since our contraction 232 experiments primarily showed that the boundaries deformed locally at actomyosin 233 contraction sites and that actomyosin foci formed at the vicinity of phase boundaries 234 ( Fig. 3E, Videos 1-5) , we consider the ! → ! transition free energy ∆ as the 235 dictating driving force for phase deformation. higher than the energy that is needed to elongate the phase boundary by 1 nm. 241
Together with our experimental findings, we can therefore conclude that actively 242 rearranging actin filaments will primarily lead to the deformation of membrane 243 domains. The lateral reorganization of domains readily suggests a plausible 244 mechanism for active lateral rearrangements of membrane components by actomyosin 245 contractions without the need of binding directly to actin filaments. 246 To form a chamber (see Scheme 1), chamber spacers were cut from a 5mm thick sheet 439 of PTFE by a laser cutter. The spacers were sonicated step by step in acetone, 440 chloroform, isopropanol and ethanol (15 min each). Glass cover slips of 15 mm 441 (Gerhard Menzel GmbH, Braunschweig, Germany) were fixed to the spacer by 442 picodent twinsil ® 22 two component glue (picodent ® , Wipperfuerth, Germany). The 443 chambers were washed alternately with ethanol and water, air dried and air plasma-444 cleaned for 10 min in order to make the glass hydrophilic. The surface was then 445 passivated by covering the glass surface with PLL-PEG(2000) (SuSos AG, 446
Dübendorf, Switzerland) 0.5 mg/mL solution in PBS buffer and incubated for 447 minimum half an hour. After throughout wash with water (5 times 200 µl) and 448 reaction buffer (3 times 200 µl), the chambers were ready to use. 449 Lipid monolayers were formed by drop-wise deposition of the lipid mixture on the 450 buffer-air interface (for further details, see also (Chwastek & Schwille, 2013) ). A lipid 451 mixture volume corresponding to a lipid surface density of 70 Å 2 / molecule was 452 deposited drop-wise on the surface of the buffer solution. 453
The samples were imaged using a Yokogawa scan head CSU10-X1 spinning disk 454 system connected to a Nikon Eclipse Ti inverted microscope (Nikon, Japan) with an 455
Andor Ixon Ultra 512x512 EMCCD camera and a 3i solid state diode laser stack with 456 488 nm, 561 nm and 640 nm laser lines (3il33, Denver, Colorado USA). For 457 simultaneous Alexa-488-phalloidin and DiD excitation, the 488 nm and the 640 nm 458 laser lines and an UPLanSApo 60x/1.20 Water UIS2 objective (Olympus, Japan) were 459 used. The time interval between the recorded images was 20 s. 460
After confirming the formation of a phase-separated lipid monolayer by imaging, 461 100 µl of neutravidin solution (0.01 µg/µl) was added to the sample twice and was 462 incubated for 5 min. Note that all protein solutions or other solutions are applied 463 directly to the liquid subphase by dipping the pipette tip through the monolayer. Next, 464 the subphase was washed 5 times with buffer (100 µl steps) to remove unbound 465 neutravidin. Subsequently, 20 µl of Alexa-488-phalloidin labeled actin filaments 466 (2 µM) was added to the subphase and incubated for at least 60 min, since binding of 467 actin filaments to the interface was assumed to occur relatively slowly. When the 468 binding of the actin filaments was confirmed by imaging, the monolayer was 469 thoroughly washed (7 to 10 steps of 100 µl) with reaction buffer containing 1 µM 470 ATP and 100 µl of myofilaments (0.3 µM) containing 1 µM ATP (enzymatically 471 regenerated see above) was added to the subphase twice. 
